Fluoride dating by ion selective electrode (ISE) analysis is a viable relative dating technique for dense cortical bone from archaeological sites. The fluoride content of cortical bone and rate of absorption is directly related to the porosity and microstructure of the sample and post-depositional environmental variables including the CaF 2 content of the bedrock, soil, and changes in groundwater levels, flow rates, and chemical composition. Dense diaphyseal cortical bone from homogenous sediment contexts exposed to consistent groundwater chemistry through time is the best sample for fluoride dating by the ISE technique. Teeth should not be used as samples for fluoride dating because differences in the porosity and permeability of enamel can produce wide variations in composition.
INTRODUCTION
The fluorine content of bone has been used as a relative dating technique for more than 200 years. Domenico Lino Morichini (1803 Morichini ( , 1805 was the first person to identify fluoride in osseous tissue. Morichini immersed fossil proboscidean and human teeth in concentrated sulfuric acid and released the effervescing gas into a calcium carbonate solution, which produced a crystalline substance he correctly recognized as calcium fluoride (CaF 2 ), or fluorapatite. Middleton (1844) subsequently showed that the quantity of CaF 2 in ancient human teeth and bone could be used as a relative measurement of time. He compared the CaF 2 content of ancient human remains from the Siwalik Hills (India), Greece, and Egypt with bones of more recent and known age. The older human remains had higher fluoride contents than the younger ones, demonstrating that the fluoride content of bone is, indeed, a function of time.
Despite the early success of fluoride dating, the method fell into periods of disuse. It was later revived and augmented during the middle of the twentieth century (Heizer and Cook, 1954; Oakley, 1953; Oakley and Hoskins, 1950; Wiener et al., 1950) . Fluorine extracted from bone was converted to hydrofluosilicic acid and titrated with thorium nitrate and alizarin. The fluorine content was reported by weight on the basis of an interpolated calibration curve (Cook and Ezra-Cohn, 1959) . While this new dating technique drew international fame in the case of the Piltdown fraud, questions were subsequently raised about the origin and nature of minerals found in bone and teeth (Cook and Ezra-Cohn, 1959; Cook and Heizer, 1952 , 1953a , 1953b Heizer and Cook, 1952; McConnell, 1962) .
Fluoride dating was virtually abandoned after the advent of readily available and affordable chronometric dating techniques such as conventional beta decay radiocarbon dating (Tankersley et al., 1998) . It was revived by Haddy and Hanson (1982) and Schurr (1989a) as part of a chronologic investigation of human burials at the Angel Mounds site. Schurr (1989b) demonstrated that an Ion Selective Electrode (ISE) could be used to determine the fluoride content of human bones from archaeological sites and provide their relative ages. This innovation in fluoride dating was significant because the chronology of prehistoric occupations could be developed where other methods of dating were inapplicable (Schurr, 1989a (Schurr, , 1989b . For example, fluoride dating by the ISE technique excels in situations where bones contain insufficient protein for direct AMS radiocarbon dating. Additionally, the ISE technique is relatively inexpensive when compared to other methods that have been used to determine the quantity of fluorine in bone.
Fluoride dating using an ISE has since been applied to the dating of osseous tissues from Holocene and Pleistocene archaeological and paleontological sites. Ezzo (1992) used the ISE technique to successfully analyze the fluoride content of 141 late Holocene adult skeletons from the Grasshopper Pueblo, Arizona. Schurr and Gregory (2002) reported comparable results were from the same region. Tankersley et al. (1998) used the ISE technique to successfully date the relative age of late Pleistocene mastodon.
More recently, chemical and physical factors associated with diagenesis have called into question the precision of the ISE technique (Parker et al., 2007) . Homes (2006) obtained anomalous ISE fluoride values on late Holocene human bone from burial mound contexts. He suggested that sample age, site location, soil, and bone preservation may be possible causes for the irregularities. Parker et al. (2007) also showed that differences in the permeability of bone, dentine, and enamel can produce wide variations in fluoride. They found inconsistencies in the fluoride content of bone types of the same species obtained from the same deposit (Parker et al., 2007) . In order to further evaluate these concerns, the fluoride content of late Holocene human bone from burial mound contexts and late Pleistocene mammal bone and teeth from a cave site were analyzed using the ISE technique in the current study.
HAWKINS RIDGE AND SHERIDEN CAVE
The Hawkins Ridge and Sheriden Cave sites are located in the Midwestern region of North America (Figure 1 ). They contrast dramatically in age (i.e., late Holocene and early Holocene/late Pleistocene), fossil content (i.e., human cortical bone, megamammal cortical bone, and mammal tooth enamel), and depositional environment (i.e., an anthropogenic open-air earthwork feature and a deeply buried cave deposit). Consequently, these sites and their osseous tissues are ideally suited to evaluate the applicability and precision of fluoride dating by ion selective electrode. The sedimentary and anthropogenic contexts of both sites have been chronometrically dated using b-decay and AMS radiocarbon dating, which is crucial experimental control for the successful testing of the fluoride dating technique
Hawkins Ridge
Hawkins Ridge was a late Holocene, limestone-capped burial mound complex located in southern Hamilton County, Ohio. The mound complex was situated on a ridge of Illinoisan till more than 100 m above the Ohio River. It was constructed of brown friable silt loam, friable silty clay loam, and a yellowish brown clay loam, which was covered by a thick (i.e., 2 m), shingled layer of local bedrock, fossiliferous Upper Ordovician Grant Lake and Fairview Formation limestone slabs. Fluorite (CaF 2 ) is nonexistent in the local soils and Grant Lake and Fairview Formation bedrock, which are dominated by calcite, chlorite, illite, kaolinite, plagioclase, and quartz (Potter, 2007) .
The remains of more than 40 late Holocene human skeletons were recovered from single, tandem, and triple burial features. Three radiocarbon dates were obtained directly from human bone collagen, 1,730 ± 60 14 C yr BP (Beta-62371), 1,930 ± 70 14 C yr BP (Beta-62370), and 1,980 ± 70 14 C yr BP (Beta-62369). The radiocarbon dates suggest cultural continuity in the interments and that they occurred during the Middle Woodland cultural period (Lepper, 2005:190) .
Sheriden Cave
Sheriden Cave, located in northwestern Wyandot County, Ohio, is deeply buried and filled with thickly stratified early Holocene and late Pleistocene sediments. The sinkhole entrance is situated near the crest of a low ridge (20 m) of up-thrown Middle Silurian Lockport Dolomite. The ridge is a resistant reef-like structure, which has been repeatedly scoured by Pleistocene glaciations and buried by a thin veneer of till (Tankersley, 1997:713) . Fluorite crystals occur in the dolomite and postdate the Devonian and mineralization appears to be controlled by the nearby Bowling Green Fault. Brown to brownish-yellow fluorite occurs as translucent to transparent cubic crystals and coarsely granular aggregates characterized by an intense yellow fluorescence and phosphorescence, which are especially abundant in rock cavities, irregularly shaped vugs, molds of other crystals, invertebrate fossils, nodules, and openings between joint and fault planes in the Silurian bedrock (Carlson, 1991:25-26) .
More than 30 radiocarbon dates have been obtained from the unconsolidated early Holocene and late Pleistocene strata of Sheriden Cave, ranging from 9,170 ± 60 14 C yr BP (CAMS-24126) to 12,840 ± 100 14 C yr BP (Beta-127908b). The remains of more than 60 species of vertebrates have been identified including a suite of extinct megamammal and extralimital micromammal species (Redmond and Tankersley, 2005; Tankersley, 1997 Tankersley, , 1999 . Clovis artifacts including two ground and beveled bone points, a fluted point, a scraper knife made on a large flake, two biface fragments, a graver, an end scraper, and 28 pieces of debitage have been recovered from a stratum radiocarbon dated 10,840 ± 80 14 C yr BP (Beta-127909), 10,915 ± 30 14 C yr BP (UCIAMS-38249), and 10,960 ± 60 14 C yr BP (Beta-127910). Sheriden Cave is the 12th firmly dated Clovis site in North America and the first to provide empirical evidence for the overlap of Clovis with the Castoroides ohioensis (giant beaver) and Platygonus compressus (flatheaded peccary) (Waters et al., 2009:109-110) .
SAMPLE DESCRIPTION
The fluoride content of 160 specimens of cortical bone and tooth enamel was determined using the ISE technique. Samples of dense cortical bone were collected from 41 human skeletons from burial mound contexts at the Hawkins Ridge site. Ten of these samples were from five tandem burial features and three samples were from a triple burial feature (Table 1) . Each tandem and triple burial feature represents a single interment event. Consequently, human skeletal remains from these contexts are ideally suited to evaluate the reliability of fluoride dating by ISE.
Additionally, a variety of late Pleistocene mammal bone and teeth samples were collected from Sheriden Cave, including dense cortical bone from ten different species of megamammals that had been directly AMS radiocarbon dated (Table 2) , dense cortical bone of seven different bone elements (i.e., femur, humerus, innominate, metacarpal, scapula, tibia, ulna) from 26 individuals of a single species of flat-headed peccary from a single stratum (Table 3) , and tooth enamel from 83 micromammals from multiple AMS radiocarbon dated strata (Table 4) .
METHODS
The fluoride content of human and mammal bone and tooth enamel samples was measured in ppm units with a single-junction Ion Selective Electrode (ISE). The ISE was calibrated with a 1 ppm fluoride standard and the reagents perchloric acid (HClO 4 ) and a total ionic strength adjustment buffer (TISAB). Precisely 10 ml of the 1 ppm fluoride standard was mixed on a magnetic stirrer with 5.0 ml of 0.5 m HCl0 4 and 5.0 ml of TISAB in a 50 ml glass beaker with a small Teflon-coated stirring bar. Approximately 8.0 mg of dried osseous tissue was pulverized to 2 mm and weighed on an analytical balance (± 0.1 mg) and transferred to a 50 ml glass beaker. Precisely 5.0 ml of 0.5 m HClO 4 were added and stirred for 10 minutes at a relatively constant temperature between 21 to 22°C. Then, 5.0 ml of TISAB were added and the electrode was lowered into the solution. A stable value was obtained after 35 seconds. The fluoride crystal and reference electrode were wiped clean with distilled water and a damp Kimwipe between samples. 
RESULTS
The fluoride content of late Holocene human bone from the Hawkins Ridge site was extremely low when compared to the late Pleistocene mammal cortical bone and tooth enamel from Sheriden Cave (compare Table 1 to Tables 2, 3 , and 4). The average fluoride content of human bone from the Hawkins Ridge site was 0.020% with a standard deviation of 0.002%. In contrast, the average fluoride content of micromammal tooth enamel from Sheriden Cave was 0.815% with a standard deviation of 1.498%. Similarly, the average fluoride content of various elements of flat-headed peccary cortical bone from a stratum AMS radiocarbon dated 11,060 ± 60 14 C yr BP (CAMS-10349) to 11,130 ± 60 14 C yr BP (CAMS-33970) was 0.978% with a standard deviation of 0.228%.
The fluoride content of cortical bone from 13 human skeletons from the six multiple burial features was approximately 0.02%. Variation in the fluoride content of human bone from these features was minute, ranging from 0.0000% to 0.0023% with the greatest disparity occurring in the triple burial (see Table 1 ). In other words, the fluoride content of human bone from the tandum and triple burial features is consistent with what we would expect to find for contemporary interments.
The fluoride content of human bone from the Hawkins Ridge site was compared with AMS radiocarbon dated human bone collagen features (Table 5 ). It ranged from 0.0195% for a cortical bone radiocarbon dated to 1,730 ± 60 14 C yr BP (Beta-62371) to 0.0218% for a cortical bone AMS radiocarbon dated 1,980 ± 70 14 C yr BP (Beta-62369). In other words, at the Hawkins Ridge site, the fluoride content of human bone increased slightly, approximately 0.0023% in about 200 14 C yr BP.
The fluoride content of megamammal cortical bone from Sheriden Cave was several magnitudes higher than human bone from the Hawkins Ridge site. The fluoride content of dense hard cortical bone from the giant beaver AMS radiocarbon dated 10,850 ± 60 14 C yr BP was 1.00% and the fluoride content of comparable cortical bone from Cervalces scotti (stag-moose) AMS radiocarbon dated to 12,520 ± 170, 12,590 ± 450, and 12,840 ± 100 14 C yr BP was 6.5%. The fluoride content of megamammal bone increased approximately 5.5% in approximately 2,000 14 C yr BP (see Table 2 ).
Like the megamammal cortical bone from Sheriden Cave, the fluoride content of tooth enamel from micromammals appears to increase with time. The fluoride content of molar enamel from a Microtus pennsylvanicus (meadow vole) was 0.16% from a stratum AMS radiocarbon dated 9,170 ± 60 14 C yr BP and enamel from comparable meadow vole molar enamel obtained from a stratum AMS radiocarbon dated 10,970 ± 70 14 C yr BP was 1.31%. However, there were also significant inconsistencies.
While the fluoride content of micromammal tooth enamel from a single late Pleistocene stratum of Sheriden Cave was comparable between certain species such as meadow vole and Phenacomys intermedius (heather vole) it was inconsistent for others (see Table 4 ). For example, the fluoride content of Synaptomys borealis (northern bog lemming) molar enamel from a single individual AMS radiocarbon dated 11,530 ± 50 14 C yr BP ranged from 0.55 to 0.72%. The fluoride content of meadow vole molar enamel from a stratum AMS radiocarbon dated 10,960 ± 60 14 C yr BP ranged from 0.82 to 0.83%. Likewise, the fluoride contents of molar enamel for other species from the same stratum varied widely-Ondatra zibethica (muskrat) 1.01%, Erethizon dorsatum (porcupine) 3.00%, and Vulpes vulpes (red fox) 4.10%. Although it is possible that the meadow vole remains represent an individual that burrowed into the older stratum, this scenario would not explain the anomalous fluoride content values for the muskrat, porcupine, and red fox. Similar anomalies were found in a stratum AMS radiocarbon dated 10,970 ±70 14 C yr BP. Again, the fluoride content of molar enamel from different species varied-Microtus xanthognathus (taiga vole) 0.74%, meadow vole 1.01 to 1.31%, Tamiascriurus hudsonicus (red squirrel) 1.10%, Sciurus carolinensis (grey squirrel) 1.40%, and Castor canadensis (beaver) 13.5%. Although it is possible that the remains of both the taiga vole and meadow vole resulted from burrowing activity into an older stratum, it is not a possible explanation for the anomalous fluoride contents of the red squirrel, grey squirrel, and beaver.
DISCUSSION
How fluoride enters the groundwater system of an archaeological site is crucial to our understanding of the value and limitations of fluoride dating (Tankersley et al., 1998:805) . The rate of fluoride absorption at Sheriden Cave was significantly higher than that found at the Hawkins Ridge site. The low fluoride content of late Holocene human bone from burial mound contexts at the Hawkins Ridge site is likely related to the paucity of CaF 2 in the local bedrock and soils, the location of the mound on a ridge top high above the water table, and the shingled limestone covering, which would have diverted rainfall. Conversely, the high fluoride content of early Holocene and late Pleistocene mammal cortical bone and (Table 4) . Similarly, the fluoride content of tooth enamel from four different species of late Pleistocene mammals (i.e., beaver, grey squirrel, meadow vole, and red squirrel) from a single stratum ranged from 0.82 to 4.10%.
The difference among fluoride values in rodent enamel and a few non-rodents could be due to the fossils having different geological ages than the strata in which they reside (e.g., burrowing problems). However, another cause could be the small size of most of the teeth, which were mostly from microtine rodents. Fluoride uptake could vary more in enamel than bone; however, the diameter of teeth compared to large cortical bones could be the reason for large fluoride differences. Teeth are very small diameters and masses compared to megamammal bones and the effective area-target diameter-for fluoride absorption is enormously different. Fossil size rather than composition (i.e., bone vs. enamel) might be a more likely reason for different fluoride values.
Comparable anomalies were not found in the human and non-human cortical bone. All but one of the 27 various elements of flat-headed peccary cortical bone samples from a single stratum produced a fluoride content of approximately 1.0% (Table 3) . In other words, 96% of the flat-headed peccary bone samples from a single stratum produced like results. Similarly, 100% of human cortical bone from multiple interment features from the Hawkins Ridge site produced consistent results.
CONCLUSION
Fluoride dating of osseous tissues by ISE is a viable relative dating technique and should not be abandoned or dismissed. The successful application of this technique is predicated upon a suite of post-depositional environmental conditions. The fluoride content of ancient osseous tissues results from two significant variables: (1) the process by which CaF 2 is dissolved in and transported by percolating groundwater; and (2) how CaF 2 is adsorbed in porous osseous tissues. Crystallographically, CaF 2 initially accumulates in the Haversian system of cortical bone in core osteons or canals, lacunae, and canaliculi. Unlike cortical bone, tooth enamel consists of bundles of hydroxyapatite crystals known as rods or prisms, which grow perpendicular to each other. The degree of CaF 2 mineralization is directly related to enamel porosity, that is, the area between the hydroxyapatite crystals. Enamel porosity varies in the teeth of a single species and from one species to the next. While certain micromammals such as the meadow vole and heather vole have similar enamel porosity, it is quite different from larger mammals such as the beaver, fox, grey squirrel, muskrat, porcupine, and red squirrel.
The rate of fluoride impregnation and ultimately the quantity of fluoride in osseous tissue is a complicated issue. It is related to a suite of variables including the microstructure of the inorganic fraction of bone (i.e., CaCO 3 and CaPO 4 ), soil chemistry, bedrock chemistry, and changes in groundwater levels, flow rates, and chemistry through time. Given these variables, dense cortical bone from homogenous sediment exposed to consistent groundwater percolation through time provides the best sample for fluoride dating by the ISE technique.
